The rhythmic leaf movement of Biloxi soybean (Glycine max) and its relationship to the rhythmic flowering response were studied. The movements of fully expanded trifoliate leaves were recorded with kymographs and time lapse photography in growth chambers. A comparison between the leaf movement rhythm and the rhythmic flowering response indicates that a high degree of similarity exists between the two rhythms. A definite relationship was shown to exist between the direction of the leaf movement and the photophil-photophobe phases of the rhythmic flowering response.
Biinning (3) proposed that the photoperiodic response of flowering may be explained on the basis of a circadian rhythm of sensitivy to light. According to his hypothesis, the 24-hr period of this flowering rhythm is divided into 12-hr segments called the photophil and skotophil phases. For short-day plants, Coulter and Hamner (10) have used the more descriptive term photophobe phase to represent Biinning's skotophil phase. In short-day plants photophil is defined as the phase of the rhythm during which light promotes flower induction, while photophobe is the phase of the rhythm during which light inhibits flower induction. Pittendrigh (21) subscribes, in general, to Biinning's proposition with respect to photoperiodic time measurement, but is more explicit with respect to the interaction of light with the rhythm. He visualizes two distinct functions for light: induction and entrainment. This paper provides supporting evidence for such a dual role of light in photoperiodism. ' This work was supported in part by National Science Foundation Grant GB 7576 and by National Aeronautics and Space Administration Grant NGR 05-007-174.
Biinning further hypothesized that the rhythmic alternation of the two phases is coupled to the same basic physiological clock that controls all circadian rhythms of the plant. Thus, the phase of the light-sensitive rhythms of the flowering response may be indicated by or interpreted from leaf position. Accord- ing to Biinning (6), the photophil phase would then correspond to the horizontal or day position of the leaf, while the skotophil phase would correspond to the closed vertical or night position of the leaf (Fig. 1 ). Biinning has used leaf movement data to explain some of the photoperiodic flowering responses of Biloxi soybean. However, we felt that more information was needed concerning the extent of the relationship between these two factors before the study of one may be used to explain the behavior of the other.
The rhythmic flowering of Biloxi soybeans has been demonstrated conclusively with the variable cycle length experiments (1, 18) and with light perturbation experiments (10, 19, 22 (22) . After the third trifoliate leaf had fully expanded, the plants were moved from the long-day greenhouse to a treatment room having GE Power Groove fluorescent light (1000 ft-c) and maintained at 28 + 1 C during the light period and 21 + 1 C during the dark period. In most experiments four plants were used per treatment and the experiments were repeated at least once.
In all of the experiments the plants were given two 24-hr cycles consisting of 16 hr of light and 8 hr of dark (16L: 8D) in the treatment rooms just before the experiment. This pretreatment acclimatized the plants to their new environment and reduced the rocking movement of the leaves which occurs as a result of moving the plants. To induce maximal flowering response, all plants were given seven consecutive experimental cycles. In the light perturbation experiments, each experimental cycle consisted of an 8-hr photoperiod followed by 64 hr of dark. The light perturbations were given in each of the seven experimental cycles during the 64-hr dark period.
The light source for the perturbations was the same as that used during the 8-hr photoperiod. In the variable cycle length experiments, each experimental cycle consisted of an 8-hr photoperiod followed by dark periods of appropriate lengths.
The movements of the third trifoliate leaves were studied. Only fully expanded leaves were used to eliminate possible confusion in the kymograph records caused by the growth of the leaf. Measurement of the leaf movement was done primarily with a kymograph designed in this laboratory. The tip of the mid-leaflet of the trifoliate leaf was connected to the pen arm with a thread. In some experiments leaf movements were recorded with a time lapse camera using high speed infrared film and infrared lamps. The angle between the leaf blade and the stem of the plant was measured with the aid of a modified Boscar film reader. Graphs were then drawn based on the average angle of four leaves.
In order to obtain graphs from the kymograph records representing the average leaf movement for each treatment, a scale with 0 representing the lowest point on the curve (day position) and 10 representing the highest point (night position) was assigned to each kymograph record. The numerical values representing the position of the leaf at 2-hr intervals were recorded for each kymograph record. All of the values obtained for a particular time in each treatment were summed and the average value was calculated. The kymograph data were then inverted in order that an upward movement on the curve would correspond to an upward leaf movement and vice versa. In this way a single average curve was obtained for each treatment.
After the 3-min light perturbation and variable cycle length treatments, the plants used were grown in the long-day greenhouse for at least 6 weeks and dissected to determine their flowering response. These results were compared and combined with results obtained by others (1, 10, 18) for use in comparing the rhythm of the flowering response with the leaf rhythm.
RESULTS
Leaf Movement Response to 24-hr Light-Dark Cycles. It has been previously reported that the leaf movement of Biloxi soybeans can be classified as a circadian rhythm (2, 5) . However, a strong photonastic response of Biloxi soybean leaves has also been reported (2, 14) . The purpose of this experiment was to determine to what extent the movement of the leaves was correlated with the light-to-dark and dark-to-light transitions in 24-hr cycles. Two groups of five plants were used. The first group received short-day cycles (8L: 16D). The second group received long-day cycles (1 6L: 8D).
As seen in Figure 1 , the leaves of both groups respond photonastically to the dark-light transition at the beginning of the light period by moving to the horizontal or day position. In both groups the leaves remained in their horizontal position until the light-dark transition which occurs at the end of the light period. At this time they moved down to the vertical night position. Based on the two photoperiods used, it would appear that light has a controlling influence on the leaf movement mechanism. This is not in perfect agreement with Bunning's idea that the position of the leaf may be used to indicate the photophil or skotophil phase of the flowering response (4).
While our results did not agree with Biinning's' with respect to the leaf movement during the light (5) , evidence was seen of the ongoing rhythm during the dark periods of both treatments. The leaves in both cases begin to move toward their day posi- 3 It may be noted that Bunning studied the primary leaf and we studied the trifoliate leaf. (10) were used so that a comparison could be made between the flowering rhythm they found and the leaf movement that we might obtain.
In studying the results it was noted that the leaf rhythms during the first three cycles differed from the rhythms on the last four cycles (at least as shown on the kymograph record). When the leaf movement rhythm that we obtained during the first three cycles is compared to the photophil and photophobe phases of the flowering rhythm reported by Coulter and Hamner (10) , a correlation is apparent (Fig. 2) . The leaf moves downward during the photophil phase and moves upward during the photophobe phase. Thus the correlation is between the direction of leaf movement and phase of the flowering rhythm.
The time lapse photographic records of the fourth to seventh cycles show that when the light period ends the leaf begins what can best be described as a rocking movement (control curves in Fig. 3 ). This type of movement has also been observed when the plants were transported or were physically disturbed in other ways. It is possible that the rocking movement is a stress reaction which, in this experiment, is induced by the abnormal cycle lengths. In all cases the rocking movement ceases by the 24th hr of the cycle and the circadian rhythm then continues normally. During the first 24 hr this rocking movement obscures the circadian leaf movement on the kymograph record. The rocking movement is not seen during the first two or three cycles. (Fig. 4) . In all treatments the light perturbations induced a photonastic response. Thus, while the flowering response at the 16- (19) produced only a slight photonastic response in the leaf movement, after which the rhythmic leaf movement continued unchanged. On the other hand, the light perturbation at the 40-hr point resulted in a 12-hr phase shift in the leaf movement rhythm (Fig. 6A) . This phase shift became most apparent from around the 60-hr point to the end of the cycle. This phase shift was similar to the one that was induced by Nanda and Hamner (19) in the response rhythm of flowering in Biloxi soybeans (Fig. 6B) and 72 hr were given to different groups of plants. Each cycle length was repeated seven times, and the flowering responses and leaf movements of the plants were determined. A relationship was found in each treatment between flower induction and the direction of the leaf movement at the very end of the cycle (Fig. 7 , Table I ). In those cycle lengths most effective for flower induction, the onset of the 8-hr photoperiod of each succeeding cycle came shortly after the start of the downward movement of the leaf. Of course, immediately after the light-dark or dark-light transitions there are rapid leaf movements. In those cycle lengths which inhibit flower induction, the 8-hr photoperiod of each succeeding cycle coincides with the start of the upward movement of the leaf. This direct correlation of leaf movement direction with flowering response in these variable cycle length experiments gives further evidence of the very close coupling between the movement of the leaves and the phase of the flowering rhythm in Biloxi soybeans. DISCUSSION The rhythm found during the dark period may be an expression of the basic oscillator controlling both flowering and leaf movement. A similar hypothesis has been presented by previous investigators (5, 7, 12, 17, and 25) . However, our results give evidence that the phase of the flowering response, either photophobe or photophil, may be determined, not by noting the leaf position as in previous investigations, but most importantly by noting the direction of the leaf movement.
It has long been known that a 3-min light perturbation is sufficient to inhibit flower induction (19, 22) Figure 5 , where the leaf movement during the first cycle is given. inhibit flowering while having no effect on the basic oscillator, as evidenced by the leaf movement rhythm (Fig. 3) . Further evidence that 3-min light exposures may affect flowering without rephasing the basic rhythm is found in work with Pharbitis (24) . With that plant, the inhibitory effect on flowering of a brief illumination during a photophobe phase could be overcome by subsequent brief illumination during a photophil phase, indicating that the first illumination had not affected the course of the basic rhythm.
In the second role, light perturbations of longer durations affect flowering by phase-shifting the basic oscillator again as evidenccd by the effect on the leaf movement rhythm (Fig. 7) . The duration of light needed to affect a phase shift appears also to be dependent on the degree of attenuation of the basic oscillator as evidenced by both the leaf movement and flowering response curves (Fig. 6) .
Previous papers from our laboratory discussed the participation of a light-on and a light-off rhythm in the photoperiodic flowering response of Pharbitis (23) and in the leaf movements of Xanthilum (15) . It should be noted that the present experiments were not designed to determine the presence or the effect of the light-on and light-off rhythms on the leaf movements or flowering in Biloxi soybeans.
In our discussion, we have been inclined to the hypothesis of a single physiological clock controlling both the photoperiodic flowering response and the leaf movements. It is, of course, possible that there are two separate clocks involved in the two responses we have been studying. In fact, the light-off, light-on rhythm that has been reported in the leaf movements of Xanthium (15) and in the flowering response of Pharbitis (23) might be an indication of a multiple clock system. Hastings (13) has discussed the possibilities and implications of one clock versus many clocks, and it does not seem worthwhile to detail that discussion. We feel that our evidence favors at least the very close coupling of the basic timing for both leaf movement and flowering response rhythms.
